By molecular beam epitaxy (MBE) CuGaSe 2 (CGS) thin-films with varying Cu/Ga ratios were grown epitaxial on GaAs (100) and stepped GaAs (111)A substrates. Cu/Ga ratios from Cu-poor to Cu-rich were obtained. In this work the appearance of Cu crystallites on the surface of epitaxial CGS (001) layers are observed and strategies to avoid these precipitations are presented. High quality thin CGS films of around 100 nm thickness are obtained, enabling a detailed analysis of the electronic and chemical properties as well as of the crystal structure of the CGS surfaces. The electronic structure with respect to the Cu/Ga ratio was characterized in-situ by XPS and UPS. By LEED a (4x1) (Cu-poor and near stoichiometric) and a (4x2) (Cu-rich) reconstruction of a zinc blende structure were obtained. For CuGaSe 2 (112) the LEED pattern showed a (3x1) chalcopyrite reconstruction for Cu/Ga ratios < 1. A (1x1) reconstruction of the chalcopyrite structure was observed for Curich (112) samples. The observed dependence of the surface reconstruction on the stoichiometry for CGS grown on GaAs has not been reported in literature so far. Additionally, for Cu-rich stoichiometries a binary phase of Cu 2-x Se appeared independently of orientation. The film morphology was investigated ex-situ by SEM.
LEED pattern of a GaAs (100) and GaAs (111)A substrate after a 30 min annealing step at 400°C.
Knudsen`s effusion cells for the elements Cu, Ga and Se were used. To change the Cu/Ga ratio, the Cu and Ga temperature were varied between 1080°C and 1160°C and 845°C and 900°C, respectively. Se was provided under excess conditions (T Se = 200°C). Based on the phase diagram of CGS [13] the substrate temperature was set from 590°C to 600°C during growth. MBE chambers and analysis facilities are coupled by UHV transfers (integrated system) maintaining UHV conditions below 2•10 -10 mbar.
The epitaxial growth and crystal structure of the CGS thin-films were characterized by low energy electron diffraction (LEED) using an Omicron SpectraLEED. The electronic and chemical structure was analyzed with the focus on the Cu/Ga ratio by X-ray photo-electron spectroscopy (XPS) using a monochromatized Al K α X-ray source (Specs Focus 500 monochromator) and a Specs Phoibos 150 analyzer equipped with a delay line detector. The valence band structure and the valence band maximum (VBM) were obtained by ultra-violet photo-electron spectroscopy (UPS), using a Helium discharge lamp. Ex-situ, the morphology was determined by scanning electron microscopy (SEM).
Results and Discussion

CuGaSe 2 (001)
In agreement with the CGS phase diagram [13] , stoichiometries from Cu-poor to Cu-rich were achieved. The respective element concentration was determined by using the normalized intensity of the photo-emission peak measured by XPS weighted with element specific sensitive factors [14] , which take into account the analyzer characteristic, the cross section of the photoionization and the mean free path of the photoelectrons [15] . The Cu2p 3/2 , Ga2p 3/2 and Se3d emission lines were used to determine the molecularity (Cu/Ga) and the Se/(Cu+Ga) ratio. Cu/Ga ratios from 0.50 up to 1.70 were obtained by maintaining the Se/(Cu+Ga) ratio stoichiometric.
Except for the strongly Cu-rich sample all He I emission lines (Fig. 2 ) exhibit a chalcopyrite valence band structure, which is very similar to CuInSe 2 [8, 16] . The VBM shifts towards the Fermi level for increased Cu/Ga ratios. This indicates a p-doping of the surface, as a Cu atom occupies a Ga site which leads to two additional positive charges. For Cu-poor and near stoichiometric CGS layers a (4x1) single domain reconstruction of the zinc blende structure is obtained by LEED (Fig. 3) as known from literature for CuGaSe 2 (001) (for ex-situ prepared samples after suitable surface preparation) [17] . For Cu-rich samples a (4x2) reconstruction could be determined. Except for the near stoichiometric sample, the LEED spots are streaky with high background, which indicates an erratic stepped surface. Due to the GaAs substrate with its cubic structure, the CGS structure allows two rotation domains. However it seems that the larger parts of one domain may reorganize the whole surface to one domain, indicating a low formation energy for the (4x1) and (4x2) reconstruction.
Based on previous investigations on CuInSe 2 [8] , the (4x2) structure was also expected for CGS. Deniozou et al. [18] explained this (4x2) structure as a termination with Se-dimers and Cu and In adatoms. For CuInSe 2 [19] this reconstruction appeared for all stoichiometries as single domain, regardless of the four fold symmetry of the substrate. For CGS in this series only Cu-rich layers showed a (4x2) reconstruction. If the Cu/Ga adatom order is missing, a (4x1) reconstruction is formed merely. This adatom order (4x2) seems to be more difficult to obtain for CuGaSe 2 than for CuInSe 2 . In Fig. 4 the XPS data of the Cu2p 3/2 peak with the corresponding Auger emission is depicted for different stoichiometries. A strong shoulder in the Cu core level as well as in the Auger line appears for all Cu/Ga ratios but becomes more pronounced for high Cu concentrations. A line analysis of the Cu2p 3/2 peak ( Fig. 5 ) for a Cu-rich sample, with a Cu/Ga ratio of 1.27, demonstrates that the Cu peak consists of at least two parts. In addition to the main component at 932.7 eV binding energy, a shoulder component at 933.3 eV is visible, which hints to a secondary phase on the surface. For the Auger line ( Fig. 5 right) the shoulder component is located 0.9 eV above the main peak, at a kinetic energy of 917.5 eV. Difference spectra of the normalized Auger emission for high and low Cu concentrations were used to identify the shoulder position. A detailed investigation of the chemical environment can be obtained for the Cu Auger parameter α Cu (eq. 1) [20] . This parameter combines the binding energy of the core level (Cu2p 3/2 ) with the kinetic energy of the corresponding Auger line (Cu L 3 M 45 M 45 ) [20] . In this way the determination of the chemical environment is independent of band bending shifts and doping effects as these contributions cancel out. If only considering the main components of the core level and the Auger line, α Cu amounts to 1849.3 eV ± 0.2 eV. According to the NIST X-ray photoelectron spectroscopy database [21] , this value is assigned to Cuchalcopyrites. Taking into account the shoulder components solely, α Cu changes to 1850.8 eV ± 0.2 eV. This indicates the presence of a binary phase of Cu 2-x Se on the surface. A secondary phase of CuSe for Cu-rich copper chalcopyrites is already known [8, [22] [23] [24] [25] .
Ex-situ characterizations of the surface morphology by SEM (Fig. 6 ) displays closed surfaces, which are partially covered with crystallites independent of the stoichiometry. These crystallites seem to form on the surface with no connection to the GaAs substrate and have grown simultaneously with the CGS epi layer. With an extension of around 1µm, the precipitations can be analyzed by EDX which has an information depth of around 1000 nm [26] . The EDX investigation (Fig. 7) confirmed that the crystallites content of metallic copper (label A). The high Se pressure in the MBE chamber during the growth process is leading to a selenization of the surface of the copper crystallites and causes the appearance of a binary CuSe phase in the XPS spectra. surface sensitivity of the XPS, a signal of metallic copper with XPS is not expected. The CGS layer thickness is in the range of 50 nm -100 nm hence the EDX spectrum between the precipitations is dominated by Ga and As from the GaAs substrate besides the CuGaSe 2 epitaxial top layer (label B). Different carbon contents (0.28 keV) result from the electron microscopy and are deposited by the e-beam in the SEM (no carbon is seen in the XPS data). To determining the stoichiometry by XPS the concentration of the specific elements are integrated over an array of the samples which includes parts with pure metallic Cu (on precipitations) and parts with lower Cu content (between precipitations). Due to the formation of these Cu precipitations, the calculated stoichiometry of the sample surface is flawed. Too much Cu is provided which segregates at the surface in Cu crystallites which are selenized at their surface contributing to a Cu 2-x Se phase in the XP-spectra. For reducing the copper concentration the vapor pressures of the metal sources was adapted. As a consequence, the Cu cell temperature was decreased to 1070°C -1080°C while the Ga cell temperature was increased to 935°C by maintaining the Se cell parameters. Using these adjusted growth parameters, it was possible to obtain CuGaSe 2 layers with stoichiometries from Cu-poor (Cu/Ga= 0.69) to Cu-rich (Cu/Ga = 1.58). Fig. 8 shows the XPS data of the Cu2p 3/2 core level and the corresponding Auger lines for different stoichiometries. Compared to Fig. 4 the shoulder has almost disappeared in the core level spectra as well as in the Auger lines. Only for Cu-rich Cu/Ga ratios a small shoulder at higher energies is observed. A slight widening of the peak is visible for Cu-rich Cu contents only. By using the Cu Augerparameter α Cu this could be assigned to a binary phase of Cu 2-x Se phase, as expected for Cu-rich stoichiometries. Likewise, the determination of the kinetic energy of the shoulder component in the auger emission was carried out using difference spectra.
Except for very Cu-rich samples all valence band spectra depicted in Fig. 10 , measured by UPS, exhibit a chalcopyrite structure. As already seen for the CGS samples with Cu precipitations (Fig. 2) the VBM shifts towards the fermi level by increasing the Cu/Ga ratio, which again hints to an increasing p-doping of the surface. The appearance of a CuSe binary phase for Cu-rich preparation conditions becomes also visible in the UPspectra. For Cu/Ga ratios > 1 the valence band edge blurred out due to the overlapping valence band edges of the CGS and CuSe. After adjusting the vapor pressure of the metal element sources LEED images (Fig. 11) of the samples' surfaces show a clear and sharp (4x1) reconstruction of the zinc blende structure for Cu-poor and near stoichiometric CGS films. For Cu-rich Cu/Ga ratios a clear (4x2) reconstruction is obtained. All images have low background intensity and streak free spots in common, indicating a high material quality and a low step concentration of the surface. As the (4x2) reconstruction is visible in the surface sensitive LEED pattern, a Cu 2-x Se binary phase for Cu-rich layers cannot exist as a closed layer.
The growth of an epitaxial and flat CGS film surface is verified by an ex-situ investigation with SEM (Fig. 12) . Brightness modulations maybe indicating for Cu 2-x Se islands. Without Cu crystallites on the surface (Fig. 12a) , a layer thickness of around 100 nm was obtained by analyzing the cross section (Fig. 12b) . 
CuGaSe 2 (112)
After establishing the growth procedure for CuGaSe 2 (001) on GaAs (100), CuGaSe 2 (112) films on GaAs (111)A were grown. The [112] direction is the natural growth direction of chalcopyrites in technologically prepared chalcopyrite films [28] . A stepped (111)A substrate with 5° miscut in [100] direction was used to suppress a growth of independent domains by step flow growth [8] . It was possible to prepare samples with stoichiometries from Cupoor to Cu-rich with Cu/Ga ratios of 0.63 to 1.43 with (112) orientation with fixed stoichiometric Se/(Cu+Ga) ratio. The secondary phase on the surface for Cu-rich samples can also be observed in the UP-He I spectrum. Fig. 15 compares the valance band spectra of CuGaSe 2 (112) samples with stoichiometries from Ga-rich to Cu-rich. The valance band edge is blurred out by increasing Cu-content. In agreement with the investigations of CuGaSe 2 (001) samples, the VBM shifts towards the Fermi level by increasing Cu/Ga ratios for CuGaSe 2 (112) samples. The surface doping changed from weakly n-conducting for Cu-poor samples to p-conducting for Cu-rich samples. Furthermore, the Cu3d peak increases slightly with the Cu/Ga-ratio.
For the [112] direction the LEED pattern (Fig. 16 ) exhibit the expected pattern for chalcopyrites consisting of the 3-fold symmetry from zinc-blende with the additional spots belonging to the chalcopyrite ordering (4x2) for all stoichiometries [8] . A (3x1) single domain reconstruction for Cu-poor and near-stoichiometric conditions and a (1x1) reconstruction of the chalcopyrite structure for Cu-rich samples is observed. A Ga ordering in the Cu poor samples may be the reason for the (3x1) superstructure. Furthermore, the spots are sharper for Cu/Ga < 1 and the background is less intense, which indicates a higher quality of the layers.
An ex-situ investigation by SEM demonstrates that a flat epitaxial surface without Cu crystallites is formed (Fig. 17a) . The analysis of the cross section (Fig. 17b) leads to the determination of the layer thickness to approximately 130 nm which gives a deposition rate of about 2 nm/min. 
Conclusion
Epitaxial CuGaSe 2 films were grown on GaAs (100) and stepped GaAs (111)A substrates by MBE. A presence of crystalline Cu precipitations was observed by SEM for CGS (001) layers. The formation of these Cu crystallites could be avoided by adjusting the vapor pressure of the copper and gallium sources. Well-ordered surfaces were detected by LEED. Thereby, a dependence of the surface reconstruction on the film stoichiometry was found. For the [001] direction a (4x1) reconstruction of the zinc blende structure for Cu-poor and near stoichiometric films transformed to a (4x2) reconstruction for Cu-rich samples. The CuGaSe 2 (112) samples exhibited a (3x1) single domain reconstruction of the chalcopyrite structure. For Cu-rich samples a (1x1) reconstruction was observed. According to the phase diagram of CGS, a Cu 2-x Se binary phase was obtained by XPS for Cu-rich preparation conditions.
